In this study we have shown that redistribution of the lipid composition of the external and internal leaflets of the PM during apoptosis results in two main alterations in the cell surface, externalisation of PS, and a looser packing of the lipid hydrophobic head groups in the external leaflet. Significantly, neither of these alterations can be directly implicated in the mechanism of apoptotic cell shrinkage, however they do have functions in other phases of the apoptotic process. Progressional studies involving morphological and flow cytometric evaluation, and DNA gel electrophoresis revealed that apoptotic cell shrinkage is associated with a decrease in [Na + ] i and [K + ] i which occurs after visualisation of chromatin condensation and internucleosomal DNA fragmentation, and prior to apoptotic body formation. When apoptotic cultures were supplemented with inhibitors of the Na + , K + -ATPase pump or the Ca 2+ -dependent K + channel, essentially all of the respective Na + or K + efflux during apoptosis can be inhibited, suggesting that essentially all of the Na + and K + efflux can be ascribed to active pumping via the Na + , K + -ATPase pump and the Ca 2+ -dependent K + channel.
Introduction
The realisation that active or physiological cell death is a common biological phenomenon distinguishable from necrosis (Kerr et al, 1972; Wyllie, 1987 Wyllie, , 1993 has had a profound impact on investigations into cell death and our understanding of embryonic development and tissue homeostasis. The most common and best described form of this type of cell death (programmed cell death) is apoptosis (Kerr et al, 1972) , which can occur either from developmentally controlled activation of an endogenous suicide programme (Ellis et al, 1991; Kerr et al, 1974; Lockshin et al, 1991) or from transduction of death signals triggered by a wide variety of exogenous stimuli (Lennon et al, 1991; Kizali et al, 1988; Ijiri et al, 1987; Bonyhadi et al, 1993) . Subsequent to the transduction of an apoptosis inducing signal, mammalian cells, as well as other cell types, initiate a cascade of both morphological and biochemical changes which have been the basis of intensive research in recent years (reviewed in Raff, 1992; Zakeri et al, 1995; Martin et al, 1995) .
Alterations in cell volume and granularity appear to be universal characteristics of apoptosis observed in in vitro cell lines (Martin et al, 1990; Shi et al, 1992) , thymocytes (Wyllie and Morris, 1982) peripheral blood neutrophils (Savill et al, 1983) and eosinophils, with a loss of up to 30% of the cell volume being observed in neutrophils (Beauvais et al, 1995) and thymocytes (Ohyama et al, 1986; Thomas and Bell, 1981) , and up to 60% in eosinophils (Beauvais et al, 1995) undergoing apoptosis. Shrinkage of cells during apoptosis has been attributed to the net movement of fluid out of the cell. A possible mechanism to account for this displacement of water during apoptotic cell shrinkage has been suggested to involve the fusion of internal fluid filled membrane bound vesicles, probably of golgi or smooth endoplasmic reticulum origin, with the plasma membrane (Morris et al, 1984; Cohen et al, 1992) . On fusion with the PM the vesicles release their contents into the extracellular space resulting in apoptotic cell shrinkage and perhaps also accounting for the pitted appearance of the apoptotic cell surface (Yamada and Ohyama, 1988) . However, despite its universal occurrence and importance in the apoptotic process, the regulation and function of this cytoplasmic condensation associated with apoptosis is poorly understood and its significance has not been validated.
The primary determinant of cell volume is water content, which accounts for approximately 70% of total cell mass. In animal cells, which lack mechanically resistant cell walls, the control of cell volume is largely dependent on the cellular control of osmotically active particles, the largest component being inorganic ions, K + , Cl 7 and Na + being the most abundant species (Lichtman et al, 1972; Negendank, 1982) . Under physiological conditions, the regulation of cell volume is of importance to most cell types and therefore, cells possess a diverse repertoire of ion channels and pumps through which ion gradients, particularly K + , Cl media, the cell initially behaves as an osmometer, undergoing volume changes dictated by a passive water flow across the cell membrane. In a hypotonic environment many cell types after initially swelling, undergo a slower, compensatory shrinkage through the loss of intracellular solutes along with osmotically obligated water, a process known as regulatory volume decrease (RVD), which returns the cell to a near physiological volume (Hoffmann and Simonsen, 1989; Lande et al., 1995; Grinstein et al., 1984; Hoffmann, 1985) . Although a wide variety of cells can regulate their volume, there is a wide diversity in the ion transport systems involved (Hoffmann and Simonsen, 1989; Lande et al, 1995; Grinstein et al, 1984; Hoffmann, 1985; Gallin, 1991) . HL-60 cells, following hypotonic stress can undergo RVD (Hallow et al, 1991) . The ion transport pathways involved for HL-60 RVD appear to be similar to those described by Grinstein et al. (1984) for lymphocytes, whereby RVD is mediated through the efflux of K + and Cl 7 ions through separate membrane channels (Hallow et al, 1991) . Similarly, ions such as Na + , K + and H + are involved in fibroblast volume regulation (Woll et al, 1993) .
Because cells possess such a vast repertoire of volume regulatory mechanisms, and can induce cell shrinkage when physiological conditions are unfavourable, in this study we sought to determine whether regulated cell shrinkage accompanying apoptosis was preceded or accompanied by alterations in the plasma membranes permeability to certain ions, or involved alterations in ion gradients. The recent development of selective ionic indicators for the fluorometric determination of specific ion concentrations with sufficient selectivity in the presence of physiological concentrations of other ions, has provided a non-invasive technique for determining intracellular free ion concentrations. Furthermore, by exploiting the characteristics of other cell specific cell surface probes, i.e. annexin V-FITC, which preferentially binds to phosphatidylserine and merocyanine 540 (Williamson et al, 1983; Collins et al, 1977; Dalton et al, 1988; Martin and Cotter, 1991; Gorman et al, 1996) which selectively stains loosely packed lipid membranes, we are provided with convenient tools to directly measure cellular changes associated with apoptosis and to measure these changes on a single cell basis. Importantly, because of increasing evidence suggesting normal genetic regulators of cell proliferation and differentiation as regulators of apoptosis (Martin and Green, 1995) , a parallel mechanism may be involved in the physiological regulators of cell volume, whereby ion transport mechanisms normally associated with the maintenance of cell volume, may also be involved in the regulation of apoptotic cell shrinkage.
Here we have shown that HL-60 apoptosis associated cell shrinkage, induced by UV-irradiation, is paralleled by an efflux of Na + and K + ions, as assessed by the decreased Sodium Green TM and PBFI binding properties of these cells. Furthermore, Na + and K + efflux during apoptotic cell shrinkage is reduced following inhibition of the Na + , K + -ATPase and Ca 2+ -dependent potassium channels, respectively. Importantly, inhibition of the Na + , and K + efflux prevents apoptotic cell shrinkage and subsequent apoptotic body formation, occurring independently of both chromatin condensation and internucleosomal DNA fragmentation. Together these observations provide evidence that apoptotic cell shrinkage is mediated through an active efflux of sodium and potassium ions. Assessment of plasma membrane lipid redistribution and lipid packing revealed that cell shrinkage was preceded by phosphatdylserine (PS) externalisation and occurred concomitant with a decrease in plasma membrane lipid packing.
Results

Apoptosis associated cell shrinkage in HL-60 cells
This study involved the assessment and quantification of apoptotic HL-60 cell shrinkage, therefore, initially the characteristics of apoptotic cell shrinkage were defined and alterations in the membrane fluidity and permeability during apoptosis were determined. As in previous reports (Lennon et al, 1991; Martin and Cotter, 1991) , when exponentially growing HL-60 cell cultures were exposed to cytotoxic agents or UV irradiation virtually all cells undergo apoptosis, displaying typical apoptotic morphologies and characteristics, including cytoplasmic condensation, cell shrinkage and apoptotic body formation ( Figure 1A ). These changes can be readily detected in most cells by their light scattering properties on a flow cytometer ( Figure 1B) , where changes in cell volume are thought to be the consequence of extrusion of water from the cell in early apoptosis, prior to apoptotic body formation. In this type of analysis apoptotic cells are observed to decrease in FSC (cell size) and increase in granularity (SSC) ( Figure 1B arrow) , which is consistent with the idea that these cells condense in size due to the extrusion of water rather than due to leakage of cellular contents. This apoptotic population disappears when a sub-population of apoptotic bodies becomes prominent with very low FSC and SSC ( Figure 1B ). In the experiment described ( Figure 1B ) it is clear that the HL-60 cell population was transformed into a shrunken apoptotic population without any apparent intermediate cell sizes, indicating that apoptosis associated cell shrinkage is a very rapid process. This is validated by the detection of only three populations, normal, shrunken apoptotic cells and apoptotic bodies ( Figure 1B ).
Apoptosis in HL-60 cells involves a decrease in membrane lipid packing
The dramatic changes associated with cell shrinkage and apoptotic body formation suggests a role for the cytoskeleton and ion fluxes in the apoptotic process. Several workers have shown that changes in the cytoskeleton Martin and Cotter, 1991; Lockshin and Zakeri-Milovanovic, 1994) and lipid asymmetry of the membrane bi-layer accompany apoptotic cell death (Savill et al, 1989; Fadok et al, 1992a Fadok et al, ,b, 1993 . By increasing the fluidity of its membrane, a coincident increase in permeability to various ions i.e. K + , Na + or Cl 7 , known to determine cell volume, may initiate a subsequent cell shrinkage in an apoptotic cell. However, little data is available where membrane fluidity and the permeability properties of membranes are compared, and it is unclear whether membrane fluidity determines permeability to certain cellular constituents. This study investigated whether alterations in the lipid composition of the external leaflet altered the membranes fluidity or permeability sufficiently to accommodate cell shrinkage.
Apoptosis in HL-60 cells is associated with a redistribution in the lipid composition of the plasma membrane lipid bi-layer (Figure 2A ), resulting in a time dependentexternalisation of PS which is normally restricted to the inner leaflet of the membrane (Martin et al, 1995; Op den Camp, 1979) . PS is an unsaturated fatty acid and a determinant of the fluidity of biological membranes, therefore externalisation of PS during apoptosis from the inner to the outer leaflet of the membrane bi-layer would naturally increase the fluidity of the cells plasma membrane. Therefore, it is possible that the appearance of cells with externalised PS may coincide with the appearance of cells with fluid membranes in these cultures, allowing an increase in the cells permeability to various volume regulatory ions. Initially alterations in lipid packing were determined by staining cells with the naturally fluorescent liphophylic dye, merocyanine 540 (MC540), which selectively stains disordered or loosely packed membranes (Williamson et al, 1983; McEvoy et al, 1988) . Irradiated HL-60 were stained with MC540 to detect changes in lipid distribution at various times thereafter. As shown in Figure  2B , before irradiation only one population was detected which displayed low MC540 binding. However, similar to annexin V-binding, 2 h post-irradiation a population of cells with increased MC540 binding began to emerge and rapidly increased in a time dependent manner. It is unlikely that this altered lipid packing is associated with increasing the membranes permeability to accomodate cell shrinkage, since increases in membrane permeability normally occur late during the apoptotic process (McGahon et al, 1995; Gorman et al, 1996) . However to exclude this possibility, irradiated HL-60 cells were stained with propidium iodide dye, to reveal cells with damaged membranes. In parallel with the PI staining a separate cell sample was stained with MC540 to determine if decreased lipid packing coincided with membrane damage. This experiment ( Figure 2C) demonstrated that a population of cells with high MC540 binding was detected well in advance of any increase in PI binding and cell permeability, thus implying that the observed decrease in lipid packing is not associated with the membrane permeability but rather to cell shrinkage and the externalisation of PS an un-saturated fatty acid which would naturally decrease the packing of a membrane.
To determine whether the apoptosis-associated changes in the plasma membrane lipid packing occurred coincident with or before the morphological features of apoptosis, HL-60 cells were induced to undergo apoptosis by UVirradiation, and the appearance of cells with reduced cell volumes was evaluated by flow cytometry. At each time point the proportion of MC540 binding cells was simultaneously determined by flow cytometry. As shown in Figure  3A , MC540 positive cells in irradiated cultures were found in abundance in cells that had undergone cell shrinkage. This observation is validated by the fact that no MC540 positive cells were observed in irradiated populations which had not yet undergone cell shrinkage ( Figure 3A lower panels). Furthermore, using another characteristic of apoptosis, DNA fragmentation, MC540 positive cells were also found in abundance in populations which had not yet fragmented their DNA ( Figure 3B ). Taken together these data suggest that decreased lipid packing precedes (30, 60, 75, 90, 120 , and 180 min post-irradiation) by agarose gel electrophoresis internucleosomal DNA fragmentation and is observed predominantly in shrunken cells.
It has been speculated that cell shrinkage during apoptosis results from the extrusion of water in fluid filled vesicles, arising from the endoplasmic reticulum or golgi apparatus, which fuse with the plasma membrane and release their watery contents into the extracellular space (Yamada and Ohyama, 1988; Morris et al, 1984; Cohen et al, 1992; Galili et al, 1982) . Normally, under physiological conditions, cell volume homeostasis is maintained by the interactive functioning of plasma membrane associated ion channels and pumps (Lichtman et al, 1972; Roti-Roti and Rothstein, 1973; Hoffmann and Simonsen, 1939; Lande et al, 1995; Grinstein et al, 1984; Hoffmann, 1985; Gallin, 1991) . It seems unlikely that a cell would possess a number of volume regulatory devices and not use them during apoptosis when cytoplasmic condensation and fragmentation are desired. It was on the basis of this proposal that this study proceeded, by investigating some of the main volume regulatory pumps, channels and ions involved in the regulation of cell volume, to determine whether they had a role as positive regulators of apoptotic cell shrinkage.
Inhibition of the Na + , K + -ATPase pump prevents apoptotic cell shrinkage and subsequent apoptotic body formation
The ouabain inhabitable Na + , K + -ATPase enzyme is responsible for the active transport of Na + and K + ions across the plasma membrane and is also involved in the regulation of cell volume in most animal cells (Glynn, 1985) . Because of these observations it was decided to investigate a potential role for the Na + , K + -ATPase enzyme in apoptosis mediated cell shrinkage. HL-60 cell cultures which were supplemented with ouabain for cell volume studies were induced to undergo apoptosis when UV-irradiated for 10 min and subsequently cultured for 2 h. From flow-cytometric analysis, it was determined that inhibition of the ouabainsensitive Na + , K + -ATPase resulted in a decrease in the number of apoptotic cells exhibiting a reduced cell volume and in the frequency of subsequent apoptotic body formation ( Figure 4A ). To further investigate this phenomenon, apoptotic HL-60 cell cultures were supplemented with concentrations of ouabain ranging from 3 ± 800 mM for a period of 3 h. From morphological evaluation it was observed that ouabain inhibition of the Na + , K + -ATPase enzyme resulted in a dose-dependent inhibition of apoptosis associated cell shrinkage, with 20 ± 25% of cells pre-treated with 3 mM ouabain undergoing cytoplasmic condensation, in comparison to approximately 5% of cells pre-treated with 800 mM undergoing cell shrinkage ( Figure 4B ). In contrast, control cultures (absence of ouabain) exhibit 60 ± 80% of the cell population undergoing cytoplasmic condensation following induction of apoptosis. Similarly, staining of cytocentrifuge preparations demonstrated that while cytoplasmic condensation and apoptotic body formation was prevented by inhibition of the ouabain sensitive Na + /K + -ATPase, nuclear condensation occurred following UV irradiation ( Figure 4C ). Cells with fragmented nuclei are clearly visible in the ouabain treated cultures, where progression to the subsequent phase of the apoptotic process is inhibited.
Ouabain treatment does not inhibit DNA fragmentation
While ultra structural alterations of the cytoplasm are relatively ill-defined, the nucleus undergoes a relatively characteristic transformation during apoptosis (Walker et al, 1995; Allen et al, 1993; White, 1996) . Initially, chromatin condensation followed by nuclear fragmentation into fragments of 180 ± 200 base pairs in length has become a prominent indicator of apoptosis in HL-60 cells. Although ouabain treatment inhibited apoptosis associated cell shrinkage and apoptotic body formation, it appeared from morphological examination to have occurred independently of nuclear condensation ( Figure 4C ), suggesting that DNA fragmentation was still occurring. However, we cannot discern if the fragmentation seen is coming from all the cells or those that have shrunken in size. To verify that inhibition of the Na + /K + -ATPase was having no effect on DNA fragmentation, DNA was isolated from cells which had been treated with ouabain for cell volume studies and subsequently induced to undergo apoptosis ( Figure 4D ). A characteristic ladder of nucleosome-sized DNA fragments was observed in irradiated HL-60 cells. Similarly, cells pre-treated with ouabain and then induced to undergo apoptosis underwent significant DNA fragmentation, even though it prevented cell shrinkage and apoptotic body formation, both highly characteristic of apoptosis. No DNA fragmentation was observed in untreated HL-60 cells or in cells treated with ouabain alone. Therefore, ouabain inhibition of cell shrinkage occurs independently of apoptosis associated chromatin condensation and DNA fragmentation.
Cell shrinkage is independent of changes in Na + / K
+ -ATPase expression
Because apoptosis is associated with a characteristic decrease in cell volume which can be prevented on inhibition of the Na + /K + -ATPase pump, it was speculated that this cell shrinkage may be regulated or accommodated through a change in the half-life or activity of the Na + /K + -ATPase enzyme. Firstly, studies were performed in HL-60 cells following the induction of apoptosis to determine Na + /K + -ATPase a,b-heterodimer protein levels, and to determine if any changes occurred at the protein level ( Figure 5 ). The Na + /K + -ATPase appeared as a heterodimer and no change in the protein levels were observed as cells were induced to undergo apoptosis over a 4 h period. Any changes in the protein levels would have been expected prior to or at the initial stage of cell shrinkage, 1 ± 2 h post-induction of apoptosis. Therefore rapid ion efflux which would be associated with cell shrinkage is not accommodated through an alteration in the rate of synthesis of new Na + /K + -ATPase molecules.
Intracellular free sodium concentrations decrease in apoptotic cells
Because a reduced cell volume is associated with the extrusion of water from the apoptotic cell, which is possibly preceeded by the loss of specific ion(s), and due to the observed prevention of apoptotic cells shrinkage following inhibition of the Na + /K + -ATPase, we decided to determine if there were any alterations in the distribution of Na + /K + ions during the apoptotic process leading to and during cell shrinkage.
A number of workers have reported that prolonged exposure to ouabain and other cardiac glycosides, results in an increase in intracellular free sodium concentrations ([Na + ] i ), and cell swelling. Figure 6A is a histogram of the fluorescence distribution of [Na + ] i in HL-60 cells, which were exposed to 100 mM ouabain for varying time periods. Cultures supplemented with ouabain for 2 h showed no increase in the average Sodium Green fluorescence over non-treated cells. Between 4 ± 6 h post ouabain treatment there was a significant increase in Sodium Green fluorescence indicating a sustained rise in cytosolic sodium ( Figure 6A ). These findings are in agreement with
Figure 4 Inhibition of the ouabain-sensitive Na + , K + -ATPase prevents apoptotic cell shrinkage and subsequent apoptotic body formation. (A) A 3-dimensional plot of untreated cells, UV-irradiated, ouabain (100 mM) treated and ouabain (100 mM) treated UV-irradiated cells. See Materials and Methods section for incubation details. In each case forward scatter (cell size) is plotted against side scatter. Note the appearance of an apoptotic cell peak (arrow), and larger apoptotic body subpopulation typified by a further reduction in cell size and granularity in irradiated cells. The occurrence of these populations in ouabain treated irradiated cultures are inhibited. (B) HL-60 cells were treated with varying concentrations of ouabain (3 mM ± 800 mM) and induced to undergo apoptosis when UV-irradiated or treated with 5 mg/ml actinomycin-D, 5 mg/ml camptothecin or 25 mg/ml etoposide. (Trump et al, 1981) , and demonstrate that within the 2 h time period of these experiments the effect of ouabain on [Na + ] i was insignificant and would not interfere with subsequent [Na + ] i determinations in apoptotic or ouabain treated apoptotic cells.
It has been shown that by exploiting the light scattering properties of a cell population by flow cytometry one can detect the emergence of a population characterised by a decrease in forward light scatter, lower than that of normal viable cells, which correlates with the occurrence of apoptotic cells with a shrunken morphology (McGahon et al, 1995; Gorman et al, 1996; Cotter et al, 1992) . In the present experiments, a prominent population with reduced FSC developed in UV-irradiated cultures ( Figure 6B, R2 ). This cell size difference between the viable and apoptotic populations allows us to discriminate between other characteristics of the cell which change during the apoptotic death process i.e. alterations in DNA content as determined by PI binding, or as in this study, alterations in intracellular sodium associated fluorescence. Figure 6C represents a histogram of the fluorescence distribution of [Na + ] i in HL-60 cells 2 h post UV-irradiation. The fluorescence associated with Na + bound sodium green in irradiated cells shows the emergence of a population with reduced fluorescence, lower than that of viable cells ( Figure 6C ). By flow cytometric analysis of the fluorescence associated with cells gated in Figure 6B , it was concluded that this population with reduced sodium green binding is representative of the apoptotic cells with reduced FSC ( Figure 6C ). Intracellular free sodium concentrations also decreased in HL-60 cells when actinomycin-D, was used as the inducing agent, indicating that decreased intracellular sodium concentrations seen in Figure 6C were not peculiar to UV-irradiation (data not shown). From progressional studies involving both flow cytometric analysis and morphological evaluations we are able to conclude that UV-irradiation of HL-60 cell cultures caused a decrease in intracellular free sodium concentrations, occurring after visualisation of chromatin condensation and prior to apoptotic body formation.
Ouabain inhibits apoptosis associated decrease in
To further characterise the relationship between sodium efflux and apoptotic cell shrinkage, [Na + ] i was determined in apoptotic cultures which were supplemented with ouabain, to determine if inhibition of the Na + /K + -ATPase would prevent the observed sodium efflux. Figure 6D is From earlier experiments it was concluded that ouabain also inhibited the cell shrinkage associated with apoptosis ( Figure  4) , therefore, by corollary, sodium efflux from apoptotic cells may play an important role in apoptosis associated cell shrinkage and apoptotic body formation, both of which are preventable by inhibition of the Na
Inhibition of the Ca 2+ -dependent potassium channel prevents apoptosis associated cell shrinkage
Since cell volume changes are a prominent feature in apoptotic HL-60 cells and following the demonstration that sodium efflux is associated with cell shrinkage in these cells, this study was extended to determine if a similar efflux of potassium ions was associated with apoptotic cell shrinkage in HL-60 cells. Exponentially growing HL-60 cell cultures were treated with increasing concentration of Tetra-Pentyl Ammonium (TPA), a specific inhibitor of the calcium-dependent potassium channel, for a period of 2 h following UVirradiation. Cells were analysed morphologically and by flow cytometry to investigate whether TPA could prevent apoptotic cell shrinkage. Figure 7A cultures demonstrated normal cell shrinkage associated with apoptosis, however, treatment of irradiated cultures with TPA prevented this shrinkage in a dose dependent manner ( Figure  7A ).
Statistical analysis of this data confirmed that inhibition of the calcium-dependent potassium channel prevented apoptotic cell shrinkage in a dose dependent manner ( Figure 7B) . From flow cytometric analysis 44% of UVirradiated cells maintained a relatively normal cell volume 3 h post-UV-irradiation, while 71% of TPA (200 mM) treated irradiated cells maintained a normal volume when compared to non-irradiated cells. Cultures treated with increasing concentrations of TPA alone did not alter their respective volumes (data not shown).
Morphological evaluation of the characteristics of TPA treated and TPA treated irradiated cells revealed that despite the inhibition of cytoplasmic condensation and fragmentation, TPA did not interefere with the progression of chromatin condensation and nuclear fragmentation in apoptotic cells ( Figure 7C ). These morphological observations were confirmed when DNA from TPA and TPA treated irradiated cells was separated by DNA gel electrophoresis ( Figure 7D ). Cultures treated with TPA alone were morphologically indistinguishable from control cultures and did not fragment their DNA, while irradiated cells treated with TPA demonstrated chromatin condensation and extensive internucleosomal DNA fragmentation following DNA electrophoresis. It is noteworthy to mention that following prolonged exposure to TPA (over 3 h) the higher concentrations of TPA used in this study induced extensive apoptosis, therefore all experiments were conducted within 2 ± 3 h.
Apoptosis related cell shrinkage in HL-60 cells is associated with a decrease in intracellular free potassium concentrations
Because inhibition of K + efflux by inhibiting the calcium dependent channel prevented apoptotic cell shrinkage, K + concentrations were determined in control and apoptotic cells to investigate if apoptosis was associated with an efflux of potassium ions. As measured by spectrofluorometry, with the K + sensitive probe PBFI, the ratio of luminescence obtained by exciting the cells at wavelengths of 340 and 380 nm while measuring at a constant emission of 510 nm is indicative of [K + ] i due to the observation that the fluorescence of the dye was particularly sensitive to [K + ] i when excited at 340 nm, yet was relatively unaffected when excited at 380 nm (data not shown). In control HL-60 cells an average value for intracellular free potassium levels of 177 nM was obtained using this protocol (Materials and Methods). However, it must be borne in mind that sodium levels, even though they are considerably lower than potassium levels in the cell and PBFI has a higher affinity for potassium, can interfere with the PBFI detection and these data must be viewed as qualitative rather than quantitative. Following the induction of apoptosis by UV-irradiation the concentration of intracellular free sodium decreased from an average 117 mM in control cells to a value of approximately 65 mM in apoptotic cultures (Figure 8 ). 
Inhibition of K + efflux by TPA prevents apoptosis associated cell shrinkage
To further investigate the involvement of a potassium ion efflux during apoptotic HL-60 cells shrinkage, [K + ] i was determined in UV-irradiated cultures which had been supplemented with the potassium channel inhibitor TPA, to determine if TPA could inhibit this K + efflux. As determined by spectrofluorometry, Figure 8C is Figure 8C) . These values closely reflect the dose dependent inhibition of cell shrinkage by TPA described earlier (Figure 7) , implying that an efflux of potassium ions during HL-60 apoptosis may be essential for the occurrence of cell shrinkage.
Discussion
Among the classical features of apoptosis, cell shrinkage is of considerable physiological importance, occurring in most cell types in response to a variety of endogenous or exogenous stimuli. The significance of controlled apoptotic cell shrinkage is emphasised by events which ensue during uncontrolled necrotic cell death, which is associated with a general increase in permeability of the PM, either through structural changes affecting membrane pores and channels or by inhibition of membrane ionic pumps (Bowen and Bowen, 1990) . The impairment of the cell membrane, cytoskeleton and ion regulation in the context of necrotic cell death is associated with an abandonment of PM integrity and ion gradients leading to a loss of K + and an influx of Ca 2+ and Na + which in turn initiate an uptake of water causing irreversible damage, cell swelling and eventual cell lysis (Trump et al, 1981) . In contrast, apoptotic cell death is characterised by an isolation of the cell from its surroundings (Dransfield et al, 1994) and the initiation of a well regulated process including cell shrinkage and maintenance of PM integrity (Morris et al, 1984; Cohen et al, 1992) . During apoptosis cells have been reported to shrink to between 70% (Thomas and Bell, 1981) and 40% (Beauvais et al, 1995) of the cells original volume, the PM becomes convoluted losing specialised structures such as microvilli and desmosomes, and in most instances the cell fragments into apoptotic bodies (Kerr et al, 1972) . From these descriptions and the complexity of associated membrane and volume alterations it is obvious that apoptotic cell shrinkage involves strict regulation. In the present study, by directly measuring lipid redistribution following UV-irradiation, substantial evidence is provided to suggest that the decrease in cell volume associated with apoptosis is not mediated through and increased PM permeability to osmotically active particles (Figures 2 and 3 ). This conclusion is supported by studies suggesting no direct association between membrane fluidity and permeability to Na + or Cl 7 ions (Lande et al, 1995) . PS externalisation, as reported previously, is one of the earliest indicators of apoptotic cell death (Martin et al, 1995) , and as reported here is associated with a decrease in lipid polar-head group packing. Importantly, both features occur independently of alterations in PM permeability, a feature which is more characteristic of late stage apoptosis. In addition, on analysis of cell size distribution (excluding the apoptotic body population) only two populations with sizes representative of viable and apoptotic cells were detected. In the experiment described (Figure 1 ), further analysis revealed that following the induction of apoptosis, cell shrinkage once initiated is a very rapid process, which is evident from the detection of no intermediate sized cells between normal and shrunken populations. This is the hallmark of a rapid process, further emphasising the need for strict regulatory mechanisms.
Because apoptosis is associated with a dramatic reduction in cell volume and apoptotic body formation, the cytoskeleton and lipid bi-layer must also experience structural alterations and re-organisation. The plasma membrane of healthy cells exhibits an asymmetric distribution of its major phospholipids, however, following the induction of apoptosis in HL-60 cells, PS is translocated to the external leaflet, (Figure 2A , Martin et al, 1995) where it serves as a recognition signal for phagocytosis by certain populations of macrophages (Fadok et al, 1992a (Fadok et al, ,b, 1993 . PS derived from natural sources often contains a high level of unsaturated fatty acid side chains, and its translocation to the external leaflet during apoptosis might therefore loosen the packing of the bi-layer. Indeed following UVirradiation of HL-60 cell cultures, a time dependent decrease in the packing of lipid bi-layers was detected when stained with MC540, which preferentially stains loosely packed or disordered membranes ( Figure 2B ). This observation suggests that apoptosis of HL-60 cells is associated with either an increased membrane fluidity or a loosening of lipid packing near the polar head groups. This proposal is consistent with observations made by others where MC540 preferentially bound to fluid-phase vesicles in comparison to their gel-phase counterparts (Williamson et al, 1983) .
This decrease in lipid packing of apoptotic HL-60 cells paralleled the externalisation of PS and occurred several hours before any alterations in membrane permeability, as membranes remained impermeant to vital dye and continue to exclude PI ( Figure 2C ). The fact that MC540 binds more strongly to apoptotic cells and occurs coincident with PS translocation to the external leaflet, implicates PS externalisation (which would decrease the packing of the hydrophobic head group) rather than altered membrane permeability as the primary determinant of increased MC540 bilayer affinity. This conclusion is supported by the observation that when platelets are activated (Beavers et al, 1982) or erythrocytes are loaded with Ca 2+ (Rosing et al, 1985) , PS is externalised and is paralleled by an increased binding of MC540 (Williamson et al, 1983) . Similarly, the surface of apoptotic T-lymphocytes in vivo and in vitro demonstrate an increased binding of MC540 (Schlegel et al, 1993) , which also externalise PS during apoptosis (Fadok et al, 1992a (Fadok et al, ,b, 1993 . Thus the reported increase in membrane fluidity/loosening of polar head groups, associated with apoptosis in HL-60 cells is not likely to alter membrane permeability to ionic regulators of cell volume but represents a secondary characteristic due to PS externalisation during apoptosis.
The mechanism leading to cell shrinkage during apoptosis remains obscure, however it has been suggested to involve the fusion of internal fluid filled membrane bound vesticles with the plasma membrane (Morris et al, 1984; Cohen et al, 1992) . As stated earlier, under normal physiological conditions, it is believed that cell volume is largely dependent on cellular control of osmotically active particles such as K + , Cl 7 , and Na + . In line with this proposal, this study demonstrates that HL-60 cell apoptosis is mediated through a redistribution of intracellular ion content, particularly K + and Na + . Several studies have demonstrated that alterations in the activity of the Na + , K + -ATPase pump are associated with adverse effects on intracellular sodium concentration gradients and cell volume. In the absence of pump activity, the transmembrane sodium gradient dissipates and the cell eventually swells due to the presence of non-diffusible intracellular macromolecules (Macknight, 1988) while [Na + ] i decrease and cell volume decreases in response to elevated pump activity. As determined by flow cytometry, we demonstrate that following UV-irradiation, apoptosis associated cell shrinkage is accompanied by a parallel decrease in [Na + ] i ( Figure 6 ). Progressional studies involving morphological and flow cytometric evaluation, and DNA gel electrophoresis reveal that the observed decrease in [Na + ] i occurs after visualisation of chromatin condensation and DNA fragmentation, and prior to apoptotic body formation. When apoptotic cultures were supplemented with ouabain (100 mM), its effect on Na + efflux was dramatic resulting in near complete inhibition of apoptosis associated Na + efflux ( Figure 6 ). Indicating that essentially all of the Na + efflux during apoptosis can be ascribed to active pumping via the Na + , K + -ATPase pump. This conclusion is supported by observations from other studies, whereby Na + efflux from human neutrophils was 95% inhibited by the presence of 50 mM ouabain (Simchowitz et al, 1982) .
Signals leading to the activation or inhibition of the Na + , K + -ATPase pump are not clear, and to date at least five different mechanisms have been proposed, any of which may be involved in modulating the activity of the Na + , K + -ATPase pump during apoptosis. These include the phosphorylation status or the catalytic a subunit of Na + , K + -ATPase (Bertorello et al, 1991) ; alterations in [Na + ] i (Whalley et al, 1993) ; changes in the concentrations of intracellular macromolecules (reviewed in Hallbrucker et al, 1991) ; membrane deformations associated with cell volume changes; and finally the lipid composition of a cell membrane where it has been proposed that alterations in lipid distribution and lipid packing can affect the transport functions of the pump (Whalley et al, 1993) .
Further evidence exists which supports a role for the Na + , K + -ATPase pump in apoptosis related cell shrinkage and includes the dependence of the apoptotic process on the presence of functional mitochrondria. During necrosis mitochrondrial calcium overload leads to depletion of ATP, which initiates a cascade of events culminating in uncontrolled necrotic cell death (Bowen and Bowen, 1990) . In relation to cell volume, reduction in ATP levels causes a rapid inhibition of the Ca 2+ -ATPase pumps in the PM, endoplasmic reticulum and inner mitochondrial membranes, leading to increased cytosolic calcium levels. This dissipation of ionic gradients is further effected by inhibition of the Na + , K + -ATPase pumps resulting in increased intracellular levels of Na + , culminating in further increased calcium levels and cell swelling. It is well documented that apoptosis is an energy (ATP) dependent process with functional mitochondria persisting until later stages in apoptotic cell death, therefore energy is still available to potentially drive Na + , K + -ATPase pumps and assist in cell shrinkage (Bowen and Bowen, 1990) .
In addition to being the most abundant intracellular ion, K + is a critical component of the volume regulatory response (Hoffmann and Simonsen, 1989) , and leakage of K + could be a simple way to accommodate a rapid decrease in cell volume. Such a mechanism has been suggested in hepatic cells where cell shrinkage may be mediated through K + channels (Hallbrucker et al, 1991) . In this study following induction of apoptosis in HL-60 cells, [K + ] i decreased by approximately 50% in comparison to control cultures. Furthermore, Tetrapentyl ammonium, a specific Ca 2+ -dependent K + channel inhibitor, inhibited cell shrinkage and apoptotic body formation during apoptosis in a dose dependent manner. These observations are in line with recent studies where Beauvais et al (1995) have demonstrated that eosinophil shrinkage during apoptosis can be reduced by inhibitors of K + channels, while Barbiero et al (1995) have demonstrated reduced intracellular concentration of K + in apoptotic murine L cells. The reduction in cellular solute content during RVD has been attributed to the outward movement of K + and Cl
7
ions mediated by a number of transport pathways, including independent K + and Cl 7 conductance (Cahalan and Lewis, 1988; Hoffmann, 1985) . The precise mechanism of K + efflux during RVD is currently under debate with two particular fields of thought. Initially, and perhaps the more attractive proposal, based on the current study and our understanding of the apoptotic process, suggests the involvement of an active K + efflux via a Ca 2+ -dependent K + channel. A central role during all phases of the apoptotic process appear to be mediated by a progressive influx of calcium ions resulting in a sustained increase in intracellular free calcium levels. Potential sites for the action of calcium in apoptotic cells are numerous (Nicotera et al, 1994a,b; Arends and Wyllie, 1991) and may include the activation of Ca 2+ -dependent K + channels which mediates apoptotic cell shrinkage. Support for this proposal comes from the inhibitory effects of quinine and cetiedil (inhibitors of Ca 2+ -activated K + permeability) on RVD, suggesting that Ca 2+ might play a role in the activation or regulation of increased K + permeability as the cell returns to its physiological volume. In addition depletion of intracellular Ca 2+ blocked RVD by inhibiting the increase in volume activated K + permeability (Grinstein et al, 1984) . In HL-60 cells, apoptosis is associated with an increase in intracellular Ca 2+ levels (Martin and Green, 1995; Nicotera et al, 1994a,b) and is diminished or delayed under conditions of low extracellular calcium, implying that Ca 2+ influx is a requirement for apoptosis in this system. Together, these studies lead to the hypothesis that during the apoptotic process intracellular levels of Ca 2+ are elevated which in turn activates a Ca 2+ -dependent K + channel, through which apoptosis associated K + efflux is mediated, culminating in cell shrinkage.
The second mechanism proposed by Cahalan and Lewis (1988) suggests that the primary event in RVD is Cl 7 channel activation which causes depolarisation of the plasma membrane potential and subsequently activates voltage dependent K + channels. Evidence which suggests the use of alternative K + transport pathways, other than the Ca 2+ -dependent K + channels, during apoptotic cell shrinkage, is derived from the observation that TPA delayed rather than inhibited cell shrinkage. Continuous assessment of cell volume changes in TPA treated irradiated cells revealed a slight yet appreciable time-dependent increase in the number of cells with reduced cell volumes (data not shown). However, this study suggests that the Ca 2+ -dependent K + channel is main transport mechanism for K + efflux during apoptosis. The ion transport systems involved in volume regulation and in the maintenance of cell volume are often quiescent or operating at a low level in the resting cell, but are activated by changes in cell volume or by various external stimuli. From comparative analysis it is emerging that RVD and apoptosis have several potentially common signaling and functional characteristics which mediate cell shrinkage in both systems. The mechanisms of activation of RVD are poorly understood, but recently several factors have been assigned a regulatory function, including calcium, calmodulin and cAMP (Hoffmann and Simonsen, 1989) . Similar to apoptosis, others have recently demonstrated that an increase in cytosolic calcium is a prerequisite of RVD (Hazama and Okada, 1988 (Hoffmann and Simonsen, 1989) , and the identification of Ca 2+ -dependent K + -channels (Schwartz and Passow, 1983) and Cl 7 -channels (Frizzell et al, 1986) supports the above proposal. The potential involvement of a Ca 2+ -dependent K + channel in apoptotic cell shrinkage is easily imagined when one considers the diversity of cellular activities initiated and regulated by Ca 2+ during HL-60 apoptosis (reviewed in Nicotera et al, 1994a,b) . Apoptosis of HL-60 cells is paralleled by a considerable increase in intracellular Ca 2+ levels, which is proposed to activate pivotal steps in the apoptotic process including proteases (Zhu et al, 1995) , nucleases (Walker et al, 1995) and changes in cell shape. Because of these diverse functions mediated by Ca 2+ in several experimental systems, perhaps including an activation of K + channels, Ca 2+ mobilisation has been suggested to be a focus point of cell death, where a variety of apoptosis inducing signals lead to a common death mechanism mediated by Ca 2+ signaling (Nicotera et al, 1994a) . This theory is supported by several studies, and is further validated by the demonstration that specific inhibitors of the Ca 2+ -dependent K + channels reduce the extent of apoptotic cell shrinkage (own observations and Beauvais and Dubertret, 1995) . Similarly, as discussed earlier, during physiological cell volume regulation, efflux of K + through Ca 2+ -dependent K + channels as the cell returns to its physiological volume can be inhibited in Ca 2+ free medium or by inhibitors of Ca 2+ -dependent K + channels (own observations and Beauvais and Dubertret, 1995) . Together, these studies strongly suggest a role for potassium efflux through Ca 2+ -activated K + channels as a mediator of apoptotic cell shrinkage in the discussed experimental systems and potentially others.
In conclusion, we have shown that apoptotic associated cell shrinkage is mediated through an active efflux of Na + and K + ions through the Na + , K + -ATPase pump and Ca + -dependent K + channels, respectively. Inhibition of the Na + , K + -ATPase or Ca + -dependent K + channels prevents apoptosis associated cell shrinkage and subsequent apoptotic body formation independently of both chromatin condensation and internucleosomal DNA fragmentation.
Resulting from these observations we propose that apoptotic cell shrinkage is both a regulated and rapid process, which may assist in the rapid removal of apoptotic debris. Further studies will focus on determining the involvement of other ions, in particular Cl 7 ions, in apoptotic cell shrinkage and in identifying other ionic gradients which are altered during the apoptotic process.
Materials and Methods
Cell culture and reagents
Human myeloid HL-60 cells (Collins et al, 1977; Dalton et al, 1988) were grown in RPMI 1640 medium, (Gibco Ltd., Paisley, Scotland), supplemented with 10% (w/v) foetal calf serum, (Biochrom KG, Germany), 1% penicillin and 1% streptomycin. Cultures were maintained in a humidified incubator at 378C in a controlled 5% CO 2 /95% air atmosphere and were used for experiments during the exponential phase of growth. Ouabain, actinomycin-D, camptothecin, etoposide, Merocyanine 540, DNase-free Ribonuclease A, Proteinase K, PMSF, aprotinin, sodium citrate, dextran, percoll and Anti-mouse IgG peroxidase conjugate were supplied by Sigma Chemical Co. (Dorset, England). Sodium Green, PBFI and Pluronic F-127 were supplied by Molecular Probes (Eugene, OR). Annexin V-FITC was supplied by BRAND Applications BV, Maastricht, The Netherlands, and Anti-sodium/potassium ATPase antibody was supplied by Cymbus Bioscience (Southampton, England).
Induction of apoptosis
Cells were induced to undergo apoptosis using two previously described strategies, UV-irradiation and cytotoxic stimulation. UVirradiation of cells was carried out as previously described . Briefly cells (10 6 /ml) were exposed from below to a 302 nm UV transilluminator source at a distance of 2.5 cm for 10 min. All UV experiments were conducted in polystyrene culture flasks (Nunc) at room temperature and subsequently cultured for 2 ± 3 h under standard conditions. Cells were induced to undergo apoptosis in cultures supplemented with 5 mg/ml actinomycin-D, 5 mg/ml camptothecin and 25 mg/ml etoposide over a 4 h period (Lennon et al, 1991; Martin et al, 1990 ).
Assessment of cell viability and morphology
Prior to experimentation, cell culture densities were determined using an improved Neubauer haemocytometer and culture viability was assessed by their ability to exclude trypan blue. For morphological evaluation of experimental cell populations, cell cytospins were prepared at varying time intervals and stained with RAPI-DIFF II (Diagnostic developments, Southport, UK). Preparations were mounted in DPX mountant (BDH chemicals, Dorset, UK) and percentage apoptosis was determined using previously described criteria (Kerr et al, 1972) under light microscopy.
Cell size and granularity
Many workers have reported that changes in cell size and buoyant density accompany apoptotic cell death (Martin et al, 1990; Wyllie and Morris, 1982) . Thus, cells in early apoptosis will appear smaller and more dense than their normal counterparts. These changes can readily be detected in most cells by their light scattering properties on a flow cytometer (McGahon et al, 1995; Gorman et al, 1996) . The light scattering properties (both forward and side scatter), of control and apoptotic cells were analyzed using a FACScan flow cytometer equipped with lysis II software (Becton Dickinson). For all flow cytometry, cells were harvested, washed in pre-heated culture medium and analysed immediately on the flow cytometer. Cells were not fixed.
Membrane lipid-packing
Merocyanine 540 (MC540) is a naturally fluorescent, lipophylic dye which selectively stains disordered or loosely packed membrane bilayers (Williamson et al, 1983) . The method used was adapated from McEvoy et al (1988) . Briefly, freshly harvested cells (10 6 ) were pelleted and re-suspended in 100 ml of PBS containing 0.15% BSA (w/ v). Stock MC540 (1 mg/ml) was prepared in PBS filter sterilised and stored at 48C in the dark for up to 1 month. Stock MC540 (8 ml) was added to the cell suspension, final concentration 80 mg/ml. Cell suspensions were incubated at room temperature for 3 min (no increase in binding was seen after 2 min), after which suspensions were diluted in 0.9 ml of PBS containing 0.15% BSA and analysed immediately so that the dye was not taken up by endocytosis. For analysis of MC540 the laser was turned to 488 nm and MC540 was analysed through a 570 nm long-pass filter (FL-2).
Quanti®cation of phosphatidylserine externalisation on apoptotic cells
Cells were assayed for binding of annexin V using a method adapted from Koopman et al (1994) . Freshly harvested cells (2610 5 ) were removed from culture, centrifuged at normal speed (200 g), and supernatants were aspirated from the cell pellets. Pellets were then re-suspended in 400 ml HEPES buffer (10 mM HEPES/NaoH, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl and 1.8 mM CaCl 2 in dH 2 O) to which FITC-labelled annexin V was added, 2.5 mg/ml final concentration. Preparations were incubated at room temperature for 5 min, protected from the light and analyzed immediately by flow cytometry.
DNA isolation and electrophoresis
DNA was isolated using a method adapted from Swat et al (1991) and detection of internucleosomal DNA fragmentation was performed as previously described (McCarthy et al, 1994) .
Western blot analysis
Whole cell lysates were prepared by solubilising 10 6 cells in 20 ml ice cold suspension buffer [0.1 M NaCl, 0.01 M Tris-Cl (pH 7.6), 0.001 M EDTA (pH 8.0)], 1 mg/ml aprotinin and 100 mg/ml phenylmethylsulfonyl fluoride (PMSF)) and an equal volume of 26SDS gel-loading buffer [100 mM Tris-Cl (pH 6.8), 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol], boiled for 10 min and loaded on 10% SDS-polyacrylamide gel, electrophoresed and blotted onto BA85 nitro-cellulose membrane (Schleicher and Schuell Dassel, Germany). After neutralisation with 5% Blotto (5% non-fat dried milk) in PBS, the membranes were incubated for 2 h with the anti-Sodium/potassium ATPase monoclonal antibody, diluted 1 : 1000 in 5% Blotto. Following extensive washing in PBS-Tween, membranes were further incubated with anti-mouse IgM peroxidase conjugate for 1 h, further washed and exposed to auto radiographic film.
Measurement of intracellular free sodium concentrations in cell cultures
[Na + ] i was determined by using the Na + -sensitive dye, Na + -binding Sodium Green TM . The cell permeant Sodium Green tetraacetate, stored at 7208C, was slowly thawed to room temperature and then dissolved in DMSO to a stock concentration of 2 mM. The nonionic detergent Pluronic F-127 which enhances dye loading was prepared as a 20% (w/v) stock solution in DMSO and was added to the dye mixture in a 1 : 1 ratio. Freshly harvested cells (10 6 ) were washed in HBSS and resuspended at 10 6 /ml in HBSS supplemented with 5 mM sodium green. Cells were incubated with the dye mixture for 30 min at room temperature, protected from the light. The cells were then washed twice with pre-warmed HBSS to remove extracellular sodium green and analyzed directly by flow cytometry, 488 nm excitation and 530 nm emission. Because calibration of Sodium Green fluorescence is cumbersome the data presented in the results section are comparative rather than quantitative in nature.
Measurement of intracellular free potassium concentrations
The following method was adapted from Barbiero et al (1995) . The cell-permeant acetoxymethyl ester (AM) form of the PBFI dye stored at 7208C, was slowly thawed to room temperature and dissolved in high quality anhydrous DMSO to a stock concentration of 2 mM. The nonionic detergent Pluronic TM F-127 which enhances dye loading was prepared as a 20% (w/v) stock solution in DMSO and was added to the dye mixture in a 1 : 1 ratio. Freshly harvested cells (4610 6 ) were washed in RPMI and re-suspended at 4610 6 /ml in RPMI supplemented with 10 mM PBFI. Cells were incubated with the dye mixture for 60 min at 378C, protected from the light. The cells were then washed once with pre-warmed PBS to remove extracellular PBFI and re-suspended at 2610 6 /ml in 10 mM HEPES, pH 7.3, containing 145 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 10 mM glucose and 2 mM CaCl 2 . Cell suspensions were transferred to a quartz cuvette which contained a mini-stirrer, and was placed in a thermostatically controlled (378C) quartz cuvette in a Perkin-Elmer LS-5B spectrofluorometer. The AM ester was hydrolysed within the cell to yield the K + -sensitive PBFI free acid form, which exhibited an excitation maximum at 340 nm and emission maximum at 510 nm.
The ratio of luminescence, obtained by exciting the cells at wavelengths of 340 nm and 380 nm while measuring at a constant emission of 510 nm is indicative of [K + ] i due to the observation that the fluorescence of the dye was particularly sensitive to [K + ] i when excited at 340 nm, yet was relatively unaffected when excited at 380 nm. PBFI fluorescence as a function of [K + ] i was calibrated in situ with cells bathed in medium of known [K + ], prepared by mixing different amounts of two solutions of equal ionic strength: one potassium free, containing 100 mM sodium gluconate and 30 mM NaCl, the other containing 100 mM potassium gluconate and 30 mM KCl. Both solutions contained 10 mM HEPES, 2 mM CaCl 2 and 1 mM MgSO 4 . The 340/ 380 nm ratio was determined before and 3 min after addition of gramicidin-D (1 mM final concentration) and valinomycin (2 mM final concentration).
